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NATTONAT, ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

A FLIGHT INVESTIGATION OF SOME EFFECTS OF
AUTOMATIC CONTROL ON GUST LOADS

By Chester B. Payne
SUMMARY

A series of flight tests with a transport airplane were made to
determine the effects of automstlic control on loads in flights through
clear rough alr. The effects of increased autopllot sensitivity on the
loads were also investigated. The test results indicate that the loads
experienced by the test airplane when automatically controlled were con-
sistently less than those without automatic control. The magnitude of
the difference between the loads with and without automatic control was
roughly 7 percent. There was no apparent chenge in the effect of the
autopilot on gust loads for a small Increase in autoplliot sensitivity.

INTRODUCTION

The present trend toward sutomatic control of eirplanes has created
a need for informetion on the effects of automatic control on loads
developed in flight through rough air. Some theoretical studies of this
problem have been msde (refs. 1 and 2), but little experimental informa-
tlion is currently available. The present paper describes some flight
test results obtained with a transport airplane on the effects of auto-
matic control on loads in flight through rough air.

The f£light test data presented hereln were obtained from a coopera-
tive investigation by the National Advisory Committee for Aeronautics
and the Directorate of Flight and All-Weather Testing of the U. S. Air
Force at Wright-Patterson Air Force Base, Ohio. The test consisted of
a limited series of systematic flights in clear rough air with an auto-
matic pllot alternatively on and off. Comperison of the loads experienced
with and without automatic control provided a measure of the over-all
effects of automatic control on gust loads. In addition, the effects
of increased autopilot sensitivity on gust loads were investigated.
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2 RESTRICTED NACA RM L53Ell4a
APPARATUS

A three-view drawing of the airplane used in the investigation 1is
shown in figure 1. The test airplane was equipped with a U. 8. Air
Force E-4 autopilot with rate control. A block diagram of the airplane-
autopilot combingtion ie shown in figure 2. The characteristics of the
alrplane as flown were as follows:

Mean aerodynemic chord, ft . . . « ¢ ¢ ¢« ¢ ¢ ¢ ¢ ¢« o 0« ¢ o o o 9.72
Wing area, S £5 « « « « ¢« ¢ « v + 4 o o « s = 4 o s s s 0 0 o s 817
Span, £t . ¢« ¢« ¢ ¢ ¢« ¢ 4 i e s e 4 e e s s s e s & s e s s s s s 91.75
Agpect ratio . . . . e e s o s 4 e o o s e o s e e s e s 0 s » 10
Slope of 1ift curve per radian .+ .« ¢ . c 0 s 6 s 4 4 2 e 8 & o » 5.0
Wing loading, 1b/8q £t « « v v & ¢ ¢ + ¢ o « ¢ 4 o s o e o . . . HhO
Average test welght, 1b . . & & ¢« ¢ v ¢ ¢ ¢ v v ¢ ¢« s o o « o » 36,000
Static margin, decg/dCL o T 1

Average center-of-graevity position, percent M.A.C. . . . .« . . . 25

The instruments installed in the test airplanes to obtain measure-
ments pertinent to gust loads and the characteristics of the instruments
are as follows:

Alrspeed recorder:
Range, mph . . ¢ & 4 4 4« ¢« 4 ¢ ¢ = « o o o « a « =« « « « « « 0to 300

Altitude recorder: ) )
Range, ft . . « ¢ v ¢ 4 4 ¢« o o ¢« o o « 2 s o « « & « « 0 to 40,000

Recording accelerometer at center of gravity:
Range of normal acceleration, g-units . . . . . . .+« « . . 2 to -1
Sensitivity, 1n./8 . « ¢ v 4 4 4t et e e e e e e e e e e e .. 2
Frequency, cps . . . . . e e e s s e e s s e e e . s .+ s 9.25
Damping, percent of critical O T T T (0]

Control position recorders: ) . -
For elevator:
Range, deg . i 1 0)
Sensitivity, deg/in e 0
Frequency, CDS « « o o « o o o o o o o s o s o o o « o o« o o« « 135.3
For aileron:
Range, deg . . . e 1o}
Sensitivity, deg/in I 1.
Frequency, CDS + 4 & o o o « o o o o o o s o o o o o o o o s » 13.%
For rudder:
Range, deg . . . e 0
Sensitivity, deg/in. - Y
Frequency, CDB v « v « « « « o « o o o « « o« o o o o o o o « o 14,2
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Turnmeters:
For pitch:
Range, radians/sec « « « « « ¢ ¢ o v o v 4 o 4« o . . . . . FT0.25
For roll:
Range, radians/Sec - « + « « ¢ « ¢ 4 s 4 s 4 e s s 0. . . . F0.25
For yaw:
Range, radians/sec « « + v v 4 4 4 ¢ 4 o 4 4 o« o 0 . - . . . F0.25

METHODS AND TESTS

The test method consisted of comparing the loasds measured on the
airplane with and without sutomatic control in flights through clear-air
turbulence. Since the runs made without eutomatic control were to be
used as a reference to measure the effect of the autopilot on gust loads,
it was necessary that the influence of the pilot on the results be mini-
mized. The pilot was instructed, therefore, to use the controls only
when it was necessary to correct for any large veriations from the proper
altitude and airspeed and then the control movements were to be made as
slowly as possible.

The flight test procedure consisted of flylng the test airplane
through clear-air turbulence over a given course approxlimately 22 miles
long at an indicated airspeed of 300 ft/sec and a pressure altitude of
2,500 feet (1,500 feet above the terrain). A total of nine flights were
made during the test, each flight consisting of successive runs over the
course with the airplane without automatic control, automatically con=~
trolled without altitude control, and automatically controlled with alti-
tude control. The turbulence level was consistent over the small length
of time involved in meking any one flight. The number of runs for each
individual flight varied according to the flight time avallable. However,
at least two runs were made at each of the three control conditions in

any one flight.

The automatic pilot was adjusted and calibrated according to
CAA standards (normal sensitivity) and was flown in this configuration
for the first seven flights. For the two remaining flights, the auto-
pilot sensitivity was increased approximately 17 percent for the elevator
displacement and 40 percent for the aileron displacement (see the appendix).

EVATUATION AND RESULTS

The acceleration records for each run were evaluated to obtaln the
magnitude of the maximum acceleration between any two comsecutive inter-
sections of the record line and the 1lgreference. The evaluation was
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confined to values of acceleration Increments of 0.15g or higher.

Since there were minor changes in weilght and alrspeed during the flight
tests, the acceleration data were adjusted to a standard wing loading

of 4.0 1b/sq ft and an airspeed of 300 ft/sec on the basis that the
acceleration is inversely proportlonal to the asirplane weight and directly
proportional to the airspeed. The airspeed-gltitude records were evalu-
ated to obtain the average airspeed and sltitude for each run from which
the flight distance in air miles was computed for each run.

Since two autopllot sensitivities were used in the test and the tur-
bulence level varied between flights, it was found convenient to sepa-
rete the data according to the following three phases: (1) light turbu-
lence and normal autopllot sensitivity, (2) moderate turbulence and normal
autopilot sensitivity, and (3) moderate turbulence and increased auto-
pllot sensitivity. Each phase consisted of several test runs at each
of the three control conditions of autopilot off, autopilot on and alti-
tude control off, and sutopllot on and altitude control on. The corrected
acceleration data of each control condition were sorted into class inter-
vals of 0.05g and are presented in the form of frequency distributions
for each test phase in tables I(a), (b), and (c). These tables also
show the total miles of flight for each control condition. The frequency
distributions were used to obtain the average flight miles M(An)
required to equal or exceed given values of acceleration increments
for each control condition by means of the following relation:

N -

where )

M total miles flown for a given control condition

N(an) nunmber of accelerations equal to or greater than a given

Increment for the corresponding control condition

The results obtained in this manner from the frequency distribution of
each control condition of the three test phases are shown in terms of
the average miles to equal or exceed a given acceleration increment in
rigures 3(a), (b), and (ec).

Inasmuch as the data represented limited semples and the observed
differences in acceleration experience between the autopilot on and off
conditions were in general small (see figs. 3(a), (b), and (c)), a sta-
tistical analysis was necessary in order to insure that the observed
differences represented real effects and not chance fluctuations. The
following procedure, which 1is essentlally an adaptation of standard sta-
tistical technigues to the present date, was used in evaluating the
seignificance of the differences observed:
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(1) For individual pairs of runs wilth and without automatic control,
Mn(with automatic control)

M (without automatic control)
for a given f£light distance.

the load ratio gilven by wasg determined

(2) Each value of this load ratio was then considered to be an inde-
pendent measure of the effectiveness of the automatic pilot in reducing
loads. The mean value, the standard deviation of the individusl values,
and the standard deviation of the mean were determined by the method of
reference 3 (pp. 64 and 65) for the load ratios for all the test data
conbined and for each of the test phases.

(3) The standard deviations were used in accordance with the methods
of reference 3 (pp. 144 and 145) to obtain 95-percent confidence limits
for the mean values of the load ratlio. Confidence limits determined in
this manner have a 95-percent probebility of enclosing the true value
and provide a measure of the reliability of the observed differences in
loads between the runs wilth and without automatic control.

The aversge flight distance used for the determination of the load
ratios was It miles since this value seemed to lie within the range where
the data were most religble. Other values of flight distance were tested
and yielded similaer results. Since the results without altitude control
differed very little from those with altitude control, the statistical
results are shown for only the teat data with the altltude control off.
Figure 4 ghows the mean values of the load ratios and the 95-percent
confidence limits for all the flight date and for each of the three test
phases separately.

DISCUSSION

Consideration of the results in figures 3(a), (b), and (c) indicates
that, for the ranges of turbulence severity and sutopilot sensitivity
studied, the loads experienced by the test airplane when automatically
controlled were consistently less than those experienced without auto-
matic control. These figures also show that the loads of the auto-
matically controlied runs with altitude control differed very little
from those without altitude control.

The results of the analysis to determine the significance of the
differences in loads with and without sutomatic control (fig. 4) show
that there is 95-percent probability that the load ratio for the over-all
data lies within the range from 0.89 to 0.97. It therefore appears that
a significant reduction in gust loads, roughly 7 percent as shown by the
mean value, is achieved by the use of sutomatic control. Further exami-
nation of figure 4 shows that the confidence limits of the individual
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test phases are somewhat wider than those for the over-all data because
of the smaller samples involved. There is, however, close agreement
between the load ratlos for the three test phases; this agreement indi-
cates that the effects of automatlc control on gust loads are largely
independent of the turbulence severity or the sutopllot sensitivity
over the ranges studled.

Examinstion of the data disclosed an unusual effect in that the
data obteined without automatic control under the moderate turbulence
conditions (phases 2 and 3) showed a tendency for consistent veristion
in load experience with the flight heading relative to the prevailing
wind. For the three flights involved, the wind velocitles ranged from
30 to 55 mph and the predominant wind direction was parallel to the
flight path. The loads experienced for the down-wind runs in these data
appeared to be roughly 10 to 15 percent larger than the loads obtained
for the up-wind runs. Although the resson for this variation could not.
be determined and might well be due to chance because of the small size
of the sample data, it might also be a reflection of variations in piloting
technique in flying up and down wind at low altitudes.

CONCLUSIONS

On the basis of the results of a limited flight iﬁvestigation with
e transport airplane to determine the effects of automatic control on
gust loads it was concluded that, over the range of turbulence severity
studied:

1. The loads experienced by the test alrplene when automatically
controlled were consistently less than those without automatic control.
The magnitude of the difference between the loads with and without auto-
matic control was roughly T percent.

2. There was no apparent change in the effects of the autopilot on
gust loads for e small increase in autopilot sensitivity.

Langley Aeronautical ILsboratory,
Nationel Advisory Committee for Aeronsutics,
Langley Field, Va.
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APPENDIX

DETERMINATION OF THE DIFFERENCE IN THE

TWO AUTOPILOT SENSITIVITIES

Since two different autopilot settings were used in this investiga-
tion, it was necessary to determine the relative sensitivities of the
two settings by flight tests. For the first sensitivity, the autopilot
was adjusted and calibrated according to CAA standards. For the second
sensgitivity, the elevator end aileron displacement settings were changed
to give the maximum retio of control displacement to the sirplane dis-
placement in pitch and roll. Further Increase in the control displace-
ment gave an unsteble osclllastion of the controls.

The reletive sensitivities were determined by using the followling
procedure for both auntopilot settings:

The airplane was trimmed for straight and level flight and the auto-
pllot engaged. The pilot then overpowered the autopilot to place the
airplane in a 10° nose-up attitude and, when steady conditions were
obtained, the controls were released and the autopilot wes allowed to
return the airplene to its original attitude. By measuring the maximum
elevator deflection obtained after the pilot released the controls, the
relative sensitivity in pitch was determined for the two autopilot
settings. The relative sensitivity in roll was determined by the same
method except that the aileron deflectlons for the recovery of the air-
plane from a steady 30° banking turn were used.

Figure 5 shows representative time histories of the elevator move-
ments, alrspeed variation, and pitching velocity after the pllot released
the controls in a pull-up and hold maneuver. The control deflections
are measured from the position of the controls at the time they were
released by the pilot. Measurements of the control movements from
several records such as those In figure 5 indicaeted that the elevator
displacement was increased epproximately 17 percent for the lncreased
sensitivity and the aileron displacement was increased approximately
4O percent.
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TABLE I.- FREQUENCY DISTRIBUTION OF ACCELERATICN

ol Phaans 1
vy SLRER 4

Nurber of acceleration inerements

Class Interwval,

M, g Automatic Automatic control on Automatic control on
control off |end altitude control off | and altitude control on
0.15 to 0.20 600 521 512
.20 to .25 208 183 17h
25 to .30 95 6l 49
30 to .35 29 22 18
.35 to .k 8 7 8
L0 to 45 2 2 2
A5 to .50 0 0
.50 to .55 0 0
.55 to .60 0 1
.60 to .65 1
Total flight miles AR 370 369
\%&/r
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TABLE I.- FREQUENCY DISTRIBUTION OF ACCELERATION - Continued
(b) Phase 2 - Moderate turbulence and normal autopilot sensitivity
Number of acceleration increments
Class interval,
fn, g Automatic Automatic conirol on Automatic control on
control off |and sltitude control off | and altitude control on

0.15 to 0.20 554 654 503
.20 to .25 350 hoo 310
.25 to .30 249 223 150
.30 to .35 151 i oL
35 to  .LkoO T 23 53
40 to 45 51 32 op
45 to .50 22 18 15
.50 to .55 18 12 9
.55 to .60 1 6 8
.60 to .65 7 1 1
.65 to .70 3 3 2
.70 to .75 1 1 1
.75 to .80 2 0
80t .85 2 1
.85 to .90 0 1
.90 to .95 0 1

.95 to 1.00 1
Total flight miles 133 135 127
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(c) Phase 3 - Moderate turbulence and increased autopilot sensitivity

Number of accelerstion increments
Clasg Interval,
An, g Auntomatic Auntomatic contrel on Automatic control on
control off | and altitude control off {and altitude control on

0.15 to 0.20 891 8a1 870
.20 to .25 b 395 476
.25 to .30 252 194 23k
S0t .35 108 76 89
.35 %o .ho 52 30 38
40 to 45 22 13 22
45 t0 .50 1 3 7
.50 to .55 & L L
.55 to .60 3 0 0
.60 to .65 2 1 2
.65 to .70 1 0

70 to .75 c

.5 to 8o 0
.80 to .85 0
.85 to .90 1
Totel flight miles g5 256 256
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Figure 1.~ Three-view drawing of the test airplane.
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Airplane
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Booster
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Displacenent

Booster t
input

E~l} Amplifier
and Servo Response
(includes artificial feel
and conirols up to the
booater)

]

SNAcA~

E~lj output from rate and displacement

Figure 2,- A block diagram of the test eirplape and U. S. Alr Force
E-4 avtopilot system.
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(a) Phase 1 - Light turbulence and normsl autopilot sénsitivity.

Figure 3.- The average number of miles flown to exceed a giéen acceleration
increment. B
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('b) Phase 2 - Moderate turbulence and normal autopilot sensitivity.

Figure 3.~ Continued.
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(c) Phase 3 - Moderate turbulence and increased autopilot sensitivity. N

Figure 3.~ Concluded.
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Figure 4.- The mean ratios of the loads with automatic control to the
loads without automatic control and the corresponding 95-percent
confidence 1limits.
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Flgure 5, Time histories of fhe elevator movements airspeed variation,

and pitching velocity for the recovery
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